Background Irrigation and débridement are frequently utilized in the management of surgical infections, but even with aggressive débridement, it is difficult to remove all the suture material from the tissues and retained suture material may harbor bacteria and/or biofilm. The degree to which barbed or braided sutures may differentially influence the risk of infection has not been defined in a well-controlled animal model.
Questions/purposes We compared braided and barbed monofilament sutures after irrigation of an infected mouse air pouch model to determine whether the suture type influenced the effectiveness of the irrigation. After irrigation of infected pouches, sutures were compared for (1) bacterial adherence and bacterial retention; (2) qualitative and quantitative pouch thickness and cellular density; and (3) quantitative biofilm formation. Methods Soft tissue air pouches were created on the backs of 60 female, mature 10-week-old BALB/cJ mice by sequentially introducing air into the subcutaneous tissue and allowing the pouch to mature. The pouches were inoculated with Staphylococcus aureus and braided or barbed monofilament sutures were implanted. Pouch irrigation was performed Day 7 after suture implantation. Suture segments were collected before and after irrigation. After euthanasia on Day 14, pouch tissues with residual suture segments were collected for analysis: microbiologic analysis done using optical density as a measure of the concentration of bacteria in the culture (the larger concentration indicates higher number of bacteria) and histologic evaluation of the pouch tissues were semiquantitative, whereas environmental scanning electron microscopy (ESEM) and confocal analyses of the biofilm and bacteria on the sutures were qualitative. Results Histologic evaluation of pouch tissue showed all groups had inflammatory responses. Quantitatively microbiology showed no difference in bacterial number calculated from the optical density (OD) values between the two suture materials at any time point in the irrigation group. In the noirrigation group, for the Day 7 time point, mean (6 SD) OD was greater in the barbed than the OD in the braided sutures (0.52 6 0.12 versus 0.37 6 0.16, mean difference 0.43 [95% confidence interval, 0.08-0.13]; p = 0.007). Qualitatively, ESEM showed more bacterial retention by braided sutures Each author certifies that neither he or she, nor any member of his or her immediate family, has funding or commercial associations (consultancies, stock ownership, equity interest, patent/licensing arrangements, etc) that might pose a conflict of interest in connection with the submitted article. All ICMJE Conflict of Interest Forms for authors and Clinical Orthopaedics and Related Research® editors and board members are on file with the publication and can be viewed on request. Clinical Orthopaedics and Related Research® neither advocates nor endorses the use of any treatment, drug, or device. Readers are encouraged to always seek additional information, including FDA approval status, of any drug or device before clinical use. Each author certifies that his or her institution approved the animal protocol for this investigation and that all investigations were conducted in conformity with ethical principles of research. This work was performed at Providence Hospital, Southfield, MI, USA.
Introduction
The presence of or potential for infection should be strongly considered when selecting a suture type. Previous studies have shown that suture materials behave differently in regard to contaminated wounds [6, 22, 23, 25, 39] . In general, braided sutures appear to provide a more favorable bacterial milieu compared with monofilament counterparts [2, 25] , especially in regard to bacterial adherence to suture material [9, 15, 22, 39] . It also appears that some suture materials are more prone to bacterial biofilm development in the presence of infection [23] .
Woven sutures such as Vicryl ® (Ethicon US, LLC, Somerville, NJ, USA) are commonly used in all types of surgery with or without the presence of infection. Woven sutures are favored for their knot-tying features and strength. Nonbarbed monofilament sutures require a larger knot under or outside the skin and generally have less-favorable strength-retention and resorption profiles. Acute (or occasionally chronic) surgical site infections (SSIs) are frequently treated by irrigation and débridement. These procedures are designed to decrease the bacterial load in the surgical area [7, 10, 36, 40] and clear the wound of necrotic tissue. Some studies suggest that in the presence of metallic implants, mechanical and/or chemical agents should be used in addition to irrigation to help eliminate the adherent bacteria and biofilms that are attached to the implants [1, 3, 5, 8, 17, 19, 20, 26-28, 31-33, 35, 36] . In this regard, many investigations have focused on the soft tissues and metallic implants, but few have focused on the remnant/retained suture materials that were used to repair ligaments or tendons, close the capsule, or deep or superficial tissue. Suture materials surrounded by biofilms may increase the risk of persistent infection, surgical revision, morbidity, and healthcare costs [11] [12] [13] [14] 16] .
Our past work used an in vivo contaminated mouse wound model to study tissue reactivity and response to infection in the presence of sutures [23] . The mouse is an excellent model in which to study tissue reactivity and cellular response. Air pouches can be created on the backs of mice by sequentially insufflating the subcutaneous tissue. Once the pouch becomes established, it provides a space where one can insert a study material and evaluate the tissue reactivity to said material. The model is well established and validated [30] . Similar to testing the soft tissue response to materials, once the pouch is mature, it can be infected to simulate a clinical situation. Our past work demonstrated that barbed monofilament sutures behaved similarly to monofilament sutures in the face of infection. Moreover, both the monofilament and barbed monofilament (Quill ® ; Angiotech Pharmaceuticals, Vancouver, BC, Canada) sutures showed less bacterial adherence, biofilm formation, and tissue reactivity than a braided suture (Vicryl) [23] .
The purpose of the current study was to use our mouse air pouch infection/abscess model to evaluate how suture morphology might affect the efficacy of wound irrigation to treat an infection and its ability to clear bacterial adherence and biofilms that formed on the sutures. Specifically, we compared braided and barbed monofilament sutures before and after irrigation of an infected mouse air pouch model for (1) semiquantitative microbiologic analysis of bacterial adherence and retention; (2) qualitative and semiquantitative histologic assessment of pouch thickness and cellular density; and (3) qualitative assessment of biofilm formation through environmental scanning electron microscopy (ESEM) and confocal analyses.
Materials and Methods
The study was approved by the Institutional Animal Care and Use Committee. We applied a validated air pouch model that we have used previously to carry out the experiment [23, 34, 40] . The details of the creation of the mouse air pouch, suture placement, inoculation, harvest, and examinations have been noted in a prior report [23] . BALB/cJ mice were selected because they are highly susceptible to the induction of tissue inflammation and immunologic response and chose only females to eliminate the effect of any potential male dominance and sexual variation on the results. No specific housing or dietary restrictions were applied; animals were housed in groups of 10 mice/big cage in a controlled light/ dark cycle and allowed free access to food and water. Briefly, air pouches were created in 60 female, mature 10-week-old BALB/cJ mice with a mean weight of 19.35 6 1.35 g (Jackson Laboratory, Bar Harbor, ME, USA) by injecting 1.5 mL of air subcutaneously on the back of the mice. The pouches were maintained by injecting 0.5 mL of air 3 days after the initial injection. The pouches were allowed to mature for 1 week and then the surgical sutures were implanted into the pouches through a 2.5-mm incision through the skin into the air pouch.
The sutures used in this study were braided (Vicryl) and barbed monofilament (Quill). We did not apply a third arm using simple nonbarbed monofilaments sutures, because we have established the comparison of nonbarbed monofilament to barbed sutures in our past work [23] . Three 1-cm segments of suture material were used in each animal. Examples of pouches with braided and barbed sutures and an intact control pouch are shown (Figs. 1A, B, and C, respectively). After suture implantation, the air pouches were inoculated with 0.5 mL Staphylococcus aureus (lux) (Xenogen 29; Caliper Life Science, Hopkinton, MA, USA) at a dose of 10 8 colonyforming units/pouch. The animals were randomized into two main groups: irrigation and no-irrigation groups, then further subdivided into control, braided, and barbed subgroups (Fig.  2 ). This created a total of six groups of 10 mice each. On Day 7 for the animals in the irrigation groups, the irrigation step was performed by flushing 3 mL of sterile saline into the pouch using a 3-mL syringe followed by suctioning of the fluid using a bulb syringe. For each condition, on Day 7, one suture segment was removed before irrigation and one after irrigation. On Day 14 (the endpoint), the animals were euthanized and the third suture strand was removed. The groups with irrigation and those without irrigation had sutures removed at the same time points. Photographs of the pouches were taken to evaluate gross tissue appearance and potential qualitative differences between groups. Bacterial suture adherence was evaluated by suture culture. The mouse pouch thickness and cellular density were assessed using histology samples and AxioVision imaging software (Carl Zeiss Microscopy, LLC, Thornwood, NY, USA). Biofilm formation was evaluated through confocal imaging and scanning electron microscopy.
Microbiologic Analysis of Bacterial Adherence and Retention
A segment of the extracted suture was placed into LuriaBertini medium containing 30 mg/mL kanamycin and cultured in a 37°C shaking incubator for 20 hours to provide ample time for bacterial growth and biofilm evaluation [4] . The optical density (OD) at 600 nm was measured on a Synergy™ HT BioTek plate reader (Winooski, VT, USA).
OD readings were normalized for the suture lengths (OD/ mm of suture). Optical density is a common method for measuring bacterial concentration in a suspension. It is based on the amount of light shined through the solution; a detector collects the scattered light on the other side. The amount of scattered light is correlated with the number of bacteria in the solution. Comparison between the groups was performed at three time points: before irrigation (Day 7), after irrigation (Day 7), and the 14-day endpoint (Day 14) using a paired two-tailed t-test with equal variance.
Histologic Assessment of Pouch Thickness and Cellular Density
After removal of the suture fragments, the whole pouch was carefully dissected and fixed in 10% neutral-buffered formalin and processed for histology. Five-micron tissue sections with consistent orientation were stained with hematoxylin and eosin (H&E). The images of stained sections were digitally captured under a Zeiss light microscope (Carl Zeiss Microscopy, LLC) and analyzed by a computerized image analysis system with Image-Pro Plus software (Media Cybernetics, Silver Spring, MD, USA). For pouch membrane thickness, eight measurements from different areas of each pouch were averaged. A uniform 100-mm longitudinal pouch area was selected to count total cells, and the average (mean) of three different areas per pouch was recorded [29] . Comparison between the groups was performed at the endpoint using a paired two-tailed t-test with equal variance.
Qualitative Assessment of Biofilm Formation
An attempt was made to use confocal imaging as a quantitative instrument as well as a qualitative tool to evaluate the biofilms formed on the sutures. Suture segments from all time points were viewed under confocal microscopy and the stack images were processed using Image J/Compstat Data Acquisition (National Institutes of Health, Bethesda, MD, USA). The measured outcomes of the biofilms were biomass, average thickness, maximum thickness, roughness coefficient, area occupied, surface area, and surface-tobiovolume ratio. The same segments were also viewed under ESEM to qualitatively assess the biofilm morphology, location, and bacterial retention on the sutures.
Statistical Analysis
Assessment of normality of all outcomes at each time point was evaluated using Shapiro-Wilk tests. Bivariate correlations were operationalized using Spearman's rho correlation coefficient. Full factorial generalized estimating equation models were used to test the main effects of group, allowing for all observations to be analyzed using maximum likelihood estimations. Parameter estimates and 95% confidence intervals are reported for all outcomes. Comparisons of outcome scores between time points report p values that are Bonferroni-adjusted for multiple comparisons. All analyses were performed using SPSS Version 23.0 (IBM Corp, Armonk, NY, USA).
Results

Bacterial Adherence and Retention
Quantitatively the OD values per millimeter of suture were measured and values converted to bacterial numbers and comparison between the groups done. In the irrigation group, no statistical difference in the bacterial number was found between braided and barbed sutures at any time point (Table 1 ). In the no-irrigation group, for the Day 7 time point, mean (6 SD) OD was greater (reflecting a higher number of bacteria) in the barbed suture group than in the braided suture group (0.52 6 0.12 versus 0.37 6 0.16, mean difference 0.43 [95% confidence interval, 0.08-0.13]; p = 0.007) ( Table 1) .
Pouch Thickness and Cellularity
On Day 14 (endpoint) and before fixation, it was noted that all pouches from the no-irrigation group (Figs. 3A, B , and C for braided, barbed, and control, respectively), the irrigation group (Figs. 3D, E, and F for braided, barbed, and control, respectively), and the control group had some degree of hyperemia and purulence. Analysis of the histologic images showed that the pouches with braided sutures in the noirrigation group were not different than those in the irrigation group (mean 940 6 260 mm versus 820 6 74 mm; p = 0.206).
Similar findings were noted for the barbed sutures (mean 840 6 180 mm versus 760 6 170 mm for the no-irrigation versus irrigation group, respectively; p = 0.324). Comparing suture types within the same treatment group showed that in the irrigation group, mean (6 SD) pouch thicknesses for braided sutures were not different than those for barbed sutures (820 6 74 mm versus 760 6 170 mm; p = 0.282). Similar findings were observed in the no-irrigation group for braided versus barbed sutures (Table 2) . H&E staining showed increased cellularity in the braided with irrigation group and in the barbed with no irrigation group. Representative images of H&E-stained sections are shown for the no-irrigation group (Figs. 4A, B , and C for braided, barbed, and control, respectively) and for the irrigation group (Figs. 4D, E , and F for braided, barbed, and control, respectively). In terms of cell counts, in the irrigation group, there was no difference between pouches with braided sutures and pouches with barbed sutures (mean 3050 6 1100 mm versus 2200 6 600 mm; p = 0.069). With the numbers available, we found no differences within the same group or between the irrigation and the no-irrigation groups and no differences between braided and barbed sutures at the endpoint (Table 3) .
Biofilm Formation
ESEM Imaging
ESEM showed bacterial adhesion and biofilm formation on both suture types; however, qualitative evaluation of the images at low magnification showed a larger area occupied by biofilms on the braided sutures before (Fig.  5A-B ) and after irrigation (Fig. 5E-F) versus the barbed sutures before (Fig. 6A-B ) and after irrigation (Fig. 6E-F) . Further evaluation at higher magnification revealed more bacterial retention in the braided sutures both before (Fig.  5C -D) and after irrigation (Fig. 5G-H) , whereas the biofilm observed on the barbs or under the barbs before irrigation (Fig. 6C-D) was minimal with slight or no bacterial retention after the irrigation (Fig. 6G-H) .
Confocal Imaging
Qualitative analysis of confocal images of the infected braided and barbed sutures showed that bacterial biofilms formed on both types of sutures. The biofilms on the braided suture covered wide areas of the suture surface and penetrated deep within the braids (Fig. 7A ) and those were partially cleared after the irrigation step (Fig. 7B) , whereas the biofilms formed on the barbed suture were more intense around the barbs (Fig. 7C ) and these were mostly cleared after irrigation (Fig. 7D) . The quantitative analysis of the biofilm structural parameters (biomass, surface area, and surface-to-biovolume ratio) showed no differences between the suture types at all time points. In the irrigation group, on Day 7 before irrigation, the biomass values were 11.2 6 9.3 for braided versus 5.2 6 4.7 for barbed sutures (p = 0.196).
On the same day after irrigation, biomass values were 7.2 6 7.5 for braided versus 3.3 6 4.3 for barbed sutures (p = 0.259). Detailed biomass values for the other time points and for the no-irrigation group are shown (Table 4) . 
Discussion
It is important for surgeons to understand the material properties of different suture types [24] . We used an infected mouse air pouch model to investigate whether braided and barbed monofilament sutures influence bacterial biofilm formation and whether the removal of biofilm through irrigation of the pouch is affected by suture type. For bacterial adherence, biofilm formation and tissue reactivity from our past work showed that plain and barbed monofilament sutures outperformed braided sutures in a contaminated in vivo wound model [23] . These results were also consistent with other suture studies [2, 6, 21, 22] . Perhaps more importantly, the barbed suture performed equally, if not better, in some instances than the polydioxanone monofilament suture Volume 477, Number 1 Biofilm Retention on Two Suture Types 121 [9, 23] . Biofilm formation was an important part of the findings. Based on these studies, we posed the questions here: how are bacterial adherence and biofilms associated with differing suture materials and can these be cleared from the suture when subjected to an irrigation procedure that simulates a clinical situation (periprosthetic in-
We recognize that our study had limitations. The primary limitation was that our study was purely observational and did not contain robust quantitative findings. Visualization of bacterial adherence through ESEM was purely qualitative and confocal imaging showed no difference between groups in terms of the amount of biofilm on the sutures; this was likely the result of the limited Table 3 . Histologic assessment of pouch cellularity using hematoxylin and eosin-stained sections
Treatment method
Suture type
Cell density (number; mean 6 SD) 95% confidence interval p value
Irrigation group Braided (n = 10) 3050 6 1100 2300-3800 0.069 Barbed (n = 8) 2200 6 600 1700-2700 No irrigation group Braided (n = 10) 2600 6 500 2200-3000 0.928 Barbed (n = 10) 2600 6 600 2100-3000 sample size and variability of the animal data. To accomplish this goal, it would likely take a great number of suture samples and animals. The entirety of every suture would need to be subjected to the confocal and ESEM sampling. Because these techniques are working at a microscopic level, sampling of the entire suture is impractical. Moreover, nonbarbed monofilament would have been a good control for the barbed monofilament suture in this study, because our previous work did not include the irrigation step. Qualitatively, the results were quite apparent but, in fairness, only allow general statements. Our model really simulated a soft tissue or native joint infection, because there were no metallic implants present. To better simulate a clinical situation of PJI, in future studies, one could add a metal disc to the pouch to represent an implant. It is possible that the biofilm burden created by the implant may persist with the metal (the retained prosthesis) despite the irrigation procedure or clearance from retained sutures. We also sampled the sutures to visualize areas by confocal and ESEM imaging and the areas on the woven sutures had more biofilm areas and thicker biofilm mass, but we could have missed important areas in the sampling. Although we are unable to state how much biofilm and/or bacteria is clinically relevant to infection, our past works led us to an initial starting concentration of bacteria. When the injected concentration of bacteria is too low, the animals will clear the infection, and when the concentration is too high, the animals may die [23] . The behavior of the animals should be similar because they are genetically identical. Generally, both male and female mice could be used for our air pouch model, but we used all female mice because they are more docile and less likely to fight, thus minimizing the possibility of breaking the pouch and leading to bacterial contamination of the surrounding skin. Finally, future studies could implant suture or metal preimplanted with biofilm to assess the ability of the biofilm to release bacteria or for the host to defend itself. In general, animals, particularly genetically identical mice, serve as a predicate and a stable model to investigate the behavior of a host relative to inflammatory response to foreign material and pathogens. The model used in this study has a proven history for evaluation of soft tissue response, cytokine responses, antibody responses, and responses to microbes among other advantages [29, 30, 40] . That being said, we are unable to state how a human response may differ. We demonstrated that that there was less bacterial adherence to the barbed suture than the braided suture after irrigation in our mouse air pouch model. Although we observed greater cellularity and increased pouch thickness in the braided suture, the sample numbers available did not demonstrate a quantitative difference between the suture types. Qualitatively, ESEM showed more biofilm formation and bacterial retention by the braided sutures both before and after irrigation. Confocal imaging showed penetration of the biofilm into the interstices of the braid, whereas the barbs of the Quill did not seem to create a nidus for biofilm. Despite using irrigation to simulate the treatment of an infection, bacteria/biofilm was not completely eliminated from either suture, but qualitatively, the irrigation appeared more effective with the barbed monofilament sutures.
Biofilms occur on suture materials of all types, both braided and barbed monofilament. We attempted to reproduce a clinical situation in which a wound was irrigated in an attempt to clear an "acute" infection. The obvious concern is whether bacteria are harbored within the suture, mitigating the effects of irrigation and potentially leading to ongoing wound infection. We found concerning qualitative results relative to the braided sutures in comparison to barbed monofilament sutures in this regard.
It is difficult to know how best to apply basic science animal models to the clinical situation. SSIs remain a severe problem, particularly in arthroplasty, where PJIs are a leading cause of revision [11, 18] . Using irrigation to treat an acute (or chronic) PJI has marginal efficacy [10, 32, 38] likely as a result of retention of bacteria within biofilm adherent to the implant. Irrigation, mechanical scrubbing, and application of antibiotics directly to the implant have been used to mitigate this concern [3, 7, 8, 31, 33, 35, 37] , but the most definitive treatment remains complete removal of both the implant and any retained sutures that may harbor bacteria and biofilm. When treating a PJI, there may be multiple suture remnants present within the wound and it is concerning to think that these all may harbor bacteria. It may be impossible to find and remove all of the suture material left from the index procedures. Although the intent of an irrigation and débridement procedure is to eradicate the bacteria from the wound, sutures or suture fragments retained in the capsule and soft tissues may harbor bacteria and lead to persistence or reinfection. Our model set out to reproduce an irrigation procedure with specific focus on the suture. Braided sutures that may be commonly used in primary arthroplasty retained and harbored more bacteria despite being subjected to irrigation. It is still uncertain whether the difference in biofilm burden resulting from suture type affects the overall success or failure of prosthesis retention. As an alternative to monofilament barbed sutures, we are attempting to fabricate resorbable sutures with antibiotic coatings that retain the strength and knot-tying properties of braided suture, but still prevent bacterial adhesion and biofilm formation around the periprosthetic site.
